The reactivity between a thiolate-ligated five-coordinate complex [Fe II (S Me2 . At low temperatures, in protic solvents, an intermediate is detected, the details of which will be the subject of a separate paper. Although the thiolate ligand does not appear to perturb the metrical parameters of the unsupported µ-oxo bridge (Fe−O) 1.807 (8) Oxidation of 5 is irreversible, and the potential (E p a ) +410 mV (vs SCE)) is anodically shifted relative to 1 (E 1/2 ) −100 mV (vs SCE))
in order to determine if O 2 activation, resembling that of the metalloenzyme cytochrome P450, can be promoted even when O 2 binds cis, as opposed to trans, to a thiolate. Previous work in our group showed that [Fe II Oxidation of 5 is irreversible, and the potential (E p a ) +410 mV (vs SCE)) is anodically shifted relative to 1 (E 1/2 ) −100 mV (vs SCE))
The bioinorganic chemistry of iron is rich and diverse, [1] [2] [3] [4] [5] [6] [7] catalyzing reactions that range from O 2 -transport and activation, to hydrogen atom abstraction, alkane functionalization, and substrate hydrolysis. Non-heme iron enzymes are involved in a number of important biosynthetic pathways including DNA synthesis and repair, 1,8 serotonin, 9 leukotriene, 1,10-12 plant hormone, 13, 14 and antibiotic synthesis. Cysteinate-ligated non-heme iron enzymes such as nitrile hydratase, 6,15 superoxide reductase, [16] [17] [18] [19] [20] [21] [22] [23] and peptide deformylase 24, 25 represent a new class of these enzymes. 6 Superoxide reductases (SORs) [16] [17] [18] [19] [20] [21] [22] [23] are non-heme iron enzymes that contain iron in an environment that is structurally very similar to that of the heme-enzyme cytochrome P450 (Scheme 1). [26] [27] [28] [29] In the catalytically active state, both have four equatorial sp 2 -nitrogens (histidine (SOR) 16, 23 [17] [18] [19] 21 Why the O-O bond cleaves with cyt P450, 26, 27 whereas the Fe-O bond cleaves with SOR is a question worth addressing. Site specific delivery of protons to the proximal as opposed to distal oxygen would be expected to favor Fe-O bond cleavage. 27 However, it is difficult to imagine how site-directed proton delivery would occur with SOR when the metal ion is sitting on the protein surface exposed to solvent. Spin-state differences might contribute to differences in the O-O versus Fe-O bond cleaving properties, 32 as well as differences in the ligand environment. The P450 Fe III -OOH is S ) 1 / 2 , 28 whereas the SOR Fe III -OOH is believed to be S ) 5 / 2 . 17 Antibonding electrons present in the high-spin (S ) 5 / 2 ) structure would weaken the Fe-O bond relative to the low-spin structure. A conjugated porphyrin ligand would help to stabilize the highvalent "Fe V dO" intermediate that would result from O-O bond cleavage. A non-heme environment, although more flexible, 33 is less capable of supporting a higher-valent "Fe 34 (although it would be capable of supporting an Fe IV dO).
7, 35, 36 The cysteinate present both in the SOR and P450 active sites would also contribute to the stabilization of a high-valent FedO. 37 Thiolates have been shown to be quite effective at stabilizing iron in higher oxidation states. 6 The positioning of the P450 cysteinate trans to the dioxygen binding site is also believed to play an important role in controlling O-O bond cleavage. 28, 30, [38] [39] [40] [41] However, since the planar architecture of the porphyrin ligand constrains the cysteinate to a trans position relative to incoming dioxygen molecule, it is impossible to determine empirically whether the stereochemical relationship between the O 2 and the cysteinate is critical to P450's function.
Recently + (1) and dioxygen, in order to determine if O 2 activation can be promoted when O 2 binds cis to a thiolate. Also described are our attempts at trapping out intermediates in this reaction by incorporating bulky tertiary amines in place of primary amines. Reactions between 1 and dioxygen or superoxide are dramatically altered by a simple modification of our ligand system.
Experimental Section
General Methods. All reactions were performed under an atmosphere of dinitrogen in a glovebox or by using standard Schlenk techniques, or by using a custom-made solution cell equipped with a threaded glass connector sized to fit a dip probe. Reagents purchased from commercial vendors were of the highest purity available and used without further purification. Tetrahydrofuran (THF), Et 2 O, and MeCN were rigorously degassed and purified using solvent purification columns housed in a custom stainless steel cabinet, dispensed via a stainless steel Schlenk-line (GlassContour). Methanol (MeOH) was distilled from magnesium methoxide. 1 H NMR spectra were recorded on a Bruker AF 300 and Bruker DPX 200 FT-NMR spectrometers and are referenced to an external standard of TMS (paramagnetic compounds) or to residual protio-solvent (diamagnetic compounds). Chemical shifts are reported in ppm, and coupling constants (J) are in Hz. IR spectra were recorded on a Perkin-Elmer 1700 FT-IR spectrometer as KBr pellets. Cyclic voltammograms were recorded in MeCN (100 mM Bu n 4 N(PF 6 ) solutions) on a PAR 273 potentiostat utilizing a glassy carbon working electrode, a platinum auxiliary electrode, and an SCE reference electrode. Magnetic moments (solution state) were obtained using the Evans method as modified for superconducting solenoids. 46, 47 Temperatures were obtained using Van Geet's method. 48 Solid-state magnetic measurements were obtained with polycrystalline samples in gel caps using a Quantum Design MPMS S5 SQUID magnetometer. Ambient temperature electronic absorption spectra were recorded on a Hewlett-Packard model 8450 spectrometer, interfaced to an IBM PC. Low-temperature electronic absorption spectra were recorded using a Varian Cary 50 spectrophotometer equipped with a fiber optic cable connected to a "dip" ATR probe (C-technologies), with a custom-built two-neck solution sample holder equipped with a threaded glass connector (sized to fit the dip probe). Thiolate-ligated [Fe II (S Me2 N 4 (tren))](PF 6 ) (1) and [Fe III (S Me2 N 4 (tren))(MeCN)] 2+ (4) were synthesized as previously described. 42 
Preparation of [Bis-(2-diethylamino-ethyl)-amino]-acetonitrile (Bean).
An aqueous solution (20 mL) of N,N,N′,N′-tetraethyldiethylenetriamine (10.77 g, 50 mmol) was cooled to 0°C, and HCl (32% aq solution, 5.70 g, 50 mmol) was added in one portion. The solution was then cooled to -10°C, and an aqueous solution (30 mL) of KCN (3.26 g, 50 mmol) was added slowly. To this was added an aqueous formaldehyde solution (37%, 4.06 g, 50 mmol) at such a rate that the solution temperature did not exceed 0°C. This was then brought to room temperature and stirred overnight. Methylene chloride (100 mL) was then added, and the organic layer was extracted and washed with water two times (10 mL each time), which was followed by brine twice (10 mL each time). 
Preparation of N-(2-Amino-ethyl)-N-(2-diethylamino-ethyl)-N′,N′-diethyl-ethane-1,2-diamine (Tren-Et 4 )
. Lithium aluminum hydride (4.55 g, 120 mmol) was suspended in THF (100 mL) and cooled to -15°C. To this suspension, was added H 2 SO 4 (96% aq, 6.13 g, 60 mmol) dropwise over the period of 30 min. The reaction mixture was then brought to 0°C and stirred for an additional hour. To this, bean (8.56 g, 33.8 mmol) was added dropwise via syringe at a rate such that the solution did not rise above 20°C. The reaction was then brought to room temperature and stirred overnight. The remaining AlH 3 was then quenched with a large excess of H 2 O and filtered. The residue was washed with a large volume of methylene chloride and the organic layer extracted. This layer was then dried with MgSO 4 and the solvent removed by rotary evaporation yielding tren-Et 4 as a musky smelling yellow oil that was spectroscopically pure (7.04 g, 81.0%). 
(tren-Et 4 ))](PF 6 ) (5).
Sodium hydroxide (80 mg, 2.00 mmol) was dissolved in 10 mL of MeOH followed by the addition of 3-methyl-3-mercapto-2-butanone (236 mg, 2.00 mmol). 10 Tren-Et 4 (514 mg, 2.00 mmol) was then added to the thiolate solution and the reaction mixture cooled to -20°C. A cold (-20°C) solution of FeCl 2 (252 mg, 2.00 mmol in 5 mL of MeOH) was then added to the ligand solution dropwise, producing a yellow solution, which progressed to a dark brown solution over 1 h. After 24 h, NaPF 6 (334 mg, 2.00 mmol) was added, and the reaction stirred another hour. The reaction mixture was then filtered, and all volatiles were removed by vacuum at room temperature affording a brown tar. This was dissolved in MeCN, filtered through a bed of Celite, and concentrated to ∼5 mL. The solution was then layered with Et 2 O (20 mL), and the two layers were allowed to diffuse together over several days. The pale green filtrate was then separated from the resulting white and black solids. Green crystals of 5 were obtained in low yields by slow evaporation of solvent over several days (161 mg, 13% ) 2 ‚MeCN (3) in a custom-made two-neck vial equipped with a septum cap, and threaded dip-probe feed-through adaptor. Reactions were monitored by electronic absorption spectroscopy, and spectra were recorded after the addition of each 0.125 equiv aliquot.
X-ray Crystallographic Structure Determination. A dark red crystal of 3 was cut to 0.41 × 0.24 × 0.05 mm 3 , submerged in mineral oil, placed on a glass capillary, and mounted over a stream of cold nitrogen gas (-130(2)°C). The crystal-to-detector distance was set to 30 mm, and exposure time was 50 s deg -1 for all data sets with a scan width of 1°. The data collection was 72.6% complete to 26.37°in ϑ. A total of 77312 partial and complete reflections were collected covering the indices h ) -11 to 11, k ) -21 to 20, l ) -45 to 45. Of these, 12010 reflections were symmetry independent, and the R int ) 0.1519 indicated that the data was fair. Indexing and unit cell refinements indicated a monoclinic P lattice in the space group P2 1 /c. Pale green crystals of 5 were submerged in mineral oil. A suitable single crystal (0.43 × 0.29 × 0.22 mm 3 ) was selected, placed on a glass capillary, and mounted over a stream of cold nitrogen gas (-130(2)°C). The crystal-to-detector distance was set to 30 mm, and exposure time was 10 s deg -1 for all data sets with a scan width of 2°. The data collection was 96.3% complete to 28.28°in ϑ. A total of 20333 partial and complete reflections were collected covering the indices, h ) -11 to 10, k ) -13 to 14, and l ) -18 to 18. Of the reflections, 5300 were symmetry-independent, and the R int ) 0.045 indicated the data quality was excellent. Indexing and unit cell refinements indicated a monoclinic P lattice in the space group Pc.
The data for both 3 and 5 were integrated and scaled using Denzo-hkl-SCALEPACK, and an absorption correction was performed using SORTAV. Solution by direct methods produced a complete heavy atom phasing model. All non-hydrogen atoms were refined anisotropically by full-matrix least-squares methods, while all hydrogen atoms were then placed using a riding model. Crystal data for 3 and 5 are presented in Table 1 . Selected bond distances and angles are contained in Table 2 . Addition of dioxygen to complex 1, on the other hand, affords a different product at ambient temperature. Complete formation of this product requires 0.25 equiv of O 2 per iron (as measured by O 2 consumption using a known-volume bulb). This stoichiometry is consistent with the formation of a µ-oxo dimer, as was confirmed by X-ray crystallography. X-ray quality crystals of the final product formed in the reaction between 1 and dioxygen [Fe III (S (µ 2 -O) 2+ is dicationic and contains an unsupported µ-oxo bridge that connects two pseudo-octahedrally coordinating Fe III ions. As shown in the ORTEP diagram of Figure 1 , the two halves of the dimer are twisted (∼90°) relative to one another, presumably in order to relieve steric repulsive interactions between the gem dimethyls adjacent to the thiolate sulfurs. 50 The bridging oxo-ligand is trans to the imine-nitrogens and cis to the thiolate-sulfurs. Average Fe-N (2.172(3) Å) and Fe-S (2.304(1) Å) bond lengths in 3 are longer than low-spin complexes containing Fe III in this ligand environment (Table 2 ). This is, in part, because the irons are either high-spin (S ) 5 / 2 ) or intermediate-spin (S ) 3 / 2 ) (vide infra), [6] [7] [8] Thiolate-ligated µ-oxo dimers are extremely rare. 52, 55 This is because O 2 oxidation reactions typically afford disulfides, metallosulfoxides (MsS(dO)R), or metallosulfones (Ms SO 2 R), when thiolates are in the coordination sphere. 56 59 and an Fe-OAc derivative. 60 If the reaction between 1 and O 2 is monitored spectrophotometrically at low temperatures, in aprotic solvents such as MeCN (at -20°C) and THF (at -78°C), no intermediates are observed. Instead, 1 rapidly (within seconds) converts directly to 3, even at these lower temperatures. In protic solvents such as MeOH, on the other hand, a transient intermediate is observed (by electronic absorption spectroscopy ( Figure S-3) , and resonance Raman) 45 when O 2 is added to 1 at -78°C. This supports the possibility that µ-oxo dimer formation from 1 involves an innersphere mechanism. Further characterization of this intermediate, as well as the kinetics of its formation, is ongoing.
Results and Discussion
Electronic, Magnetic, and Redox Properties of µ-OxoBridged 3. Solutions of µ-oxo-bridged 3 are brick-red in MeOH, MeCN, THF, pyridine, and DMF. In MeCN, the electronic absorption spectrum of 3 ( Figure S-1) is dominated by an intense charge-transfer band in the visible region, at 483(5290) nm, which is presumably S f Fe III in nature. This band shifts to 500(5500) nm in MeOH (Figure S-2) . Binuclear 3 is irreversibly reduced at a potential of -1.08 V versus SCE (in MeCN), indicating that Fe 3+ ion is highly stabilized by this ligand environment. The irreversibility of this wave suggests that reduction induces cleavage of the µ-oxo bridge. The magnetic properties of 3 indicate that the coupling between the Fe 3+ ions is weak. The ambient temperature MeCN solution µ eff ) 2.5 µ B per iron. A negative x-intercept in the 1/ versus temperature (SQUID) plot ( Figure S-7) indicates that the two metals are antiferromagnetically coupled in the solid state. Linear fits to the 1/ versus T data over the temperature range 55-350 K give a µ eff ) 2.5 µ B per iron ( Figure S-8) , and a coupling constant of J ) -28 cm -1 . This J-value falls below the usual range for µ-oxo dimers containing an unsupported bridge. 51 However, the reported range (-65 cm -1 > J > -195 cm -1 ) includes only N-,O-ligated Fe(III) µ-oxo systems, 51 suggesting that thiolate-sulfurs weaken this coupling. The increased lability of the µ-oxo bridge (vide infra) in thiolate-ligated 3 would be consistent with weaker coupling.
Reactivity of µ-Oxo-Bridged 3. Although µ-oxo dimers tend to be quite stable (representing the "thermodynamic pit" of Fe III chemistry) and unreactive, 51 there are a few rare reported examples of reactivity. 53 + (6). 60 This is illustrated in the electronic absorption spectrum of Figure 2 . The final product in this reaction was identified by spectral comparison with authentic samples of 6 (prepared as described elsewhere). 60 The reaction is complete upon the addition of 2 equiv of HOAc/dimer. When HCl(aq) is used in place of acetic acid, clean conversion to [Fe III Again, the reaction is complete upon the addition of 2 equiv of HCl at ambient temperature. These reactions occur despite the presence of water in HOAc(aq) and HCl(aq), suggesting that the µ-oxo bridge of 3 is more basic than [(TPP)Fe III ] 2 -(µ-O). 62 This is supported by the fact that weaker acids, such as NH 4 + ( Figure 3 ) and LutNH + (Figure S-5), will also cleave the µ-oxo bridge of 3. Given that the oxo is coordinated to two Lewis acidic Fe 3+ ions, this behavior is surprising. The thiolates most likely contribute to this increased basicity. 37 This is supported by a recent EXAFS study which shows that the cysteinate of chloroperoxidase contributes to an increased basicity of the Fe(IV)dO oxo intermediate, resulting in its protonation at physiological pH. 37 Chloride-ligated 7 is the final product 59 N 4 -(tren))(MeOH)] + forms. 42 As shown in Figure 3 , solventligated 4 also forms when NH 4 PF 6 is used to protonate the µ-oxo bridge. In noncoordinating solvents, such as THF, on the other hand, protonation of 3 using acids containing noncoordinating anions results in loss of the charge-transfer band, bleaching of the solution, and formation of intractable solids, even at low temperatures.
Bridge cleavage in these reactions most likely involves initial protonation of the bridging oxo to afford a transient hydroxo-bridged intermediate. Hydroxo-bridged intermediates are not observed, however, even at low temperatures with only 1 equiv of acid. Although hydroxo-bridged binuclear iron (Fe III 2 ) complexes are known, these are usually only stable when additional bridge supporting ligands (e.g., RCO 2 -, PO 4 3-, etc.) are present. 65 Unsupported hydroxo diferric bridge structures Fe III -(µ-OH)-Fe III are unstable, because significant weakening of the Fe-O bonds occurs upon protonation, with a concomitant decrease in magnetic coupling. 65 Also, the extremely acidic proton on the bridging hydroxy of an Fe III -(µ-OH)-Fe III unit usually favors protonation of water to afford H 3 O + and the deprotonated µ-oxo Fe III -(µ-O)-Fe III core. It is only in the absence of more basic proton acceptor sites that µ-hydroxo-bridged structures are stable. Thus, it is not surprising that the µ-oxo bridge of 3 cleaves in MeCN upon the addition of protons. That hydroxide intermediates would be unobservable is consistent with Norton's observation that protonation of bridging-oxos can be surprisingly slow. 66 If protonation of 3's oxo is ratelimiting, then one would not expect to see an intermediate hydroxo. Also, given that the oxo of 3 is buried within the dimeric core it is not surprising that protonation of the oxo would be slow. It is surprising, however, that the more exposed thiolate ligands of 3 are not protonated with stronger acids.
Oxo-bridged binuclear 3 can be regenerated upon the addition of OH Oxo-bridged 3 is robust toward further oxidative damage by dioxygen or peroxides. Solutions of 3 are stable for several weeks in air, and stable (for several minutes) in the presence of a slight excess (1.1 equiv) of hydrogen peroxide. This is in stark contrast to other known Fe III -thiolates, 67-72 which readily react with O 2 or peroxide to afford metal-bound sulfoxides or sulfones, or insoluble rustlike products. Addition of greater than 1.4 equiv of H 2 O 2 to 3 affords intractable solids even at lower temperatures; no higher valent Fe(IV) species are observed. 63 A similar result is obtained when pentane solutions of HOOBu t are added to 3, even at low temperatures (-90°C).
Synthesis of a Sterically Encumbered Ligand Tren-Et 4 .
In an attempt to prevent µ-oxo dimer formation and facilitate the observation of dioxygen-bound intermediates, a bulkier version of the tris(2-aminoethyl) amine (tren) ligand was synthesized. Steric bulk has been shown to prevent µ-oxo dimer formation with N-,O-ligated Fe(III) systems. [73] [74] [75] [76] [77] The most straightforward way to incorporate bulk was to place alkyl substituents on the nitrogens. In order to maintain a single primary amine site for condensation with the thioketone arm, and avoid isomeric mixtures, an asymmetrical Table 2 . The Fe-S bond length (2.317(1) Å) in 5 is typical for an Fe II -thiolate bond and is comparable to that of 1 (2.328(1) Å; Table 2 ). The imine Fe-N(1) bond length (Table 2) is also within the normal range. Most notable about the structure of 5 is that the iron amine bonds (Fe-N(2), Fe-N(3), and Fe-N(4); Table 2 ) are unusually long. The mean Fe-N(2,3,4) bond length is 2.22(3) Å, whereas the usual range for Fe-N bonds in high-spin Fe II amine complexes is 2.00-2.18 Å. [79] [80] [81] [82] The trans influence of the thiolate ligand is most likely responsible for the elongation of the apical Fe-N(2) bond: this distance is approximately the same in structures 1 and 5 (Table 2) indicating that the bulky ethyl substituents have very little to do with the observed elongation. The terminal iron-amine bonds Fe-N(3,4) ( Figure 5 ; Table 2 ), on the other hand, are noticeably (0.1 Å) longer in tertiary amine ligated 5 (mean distance ) 2.219(1) Å) versus primary amine ligated 1 (mean distance ) 2.11(2) Å), demonstrating that steric bulk, imposed by the ethyl groups, weakens the Fe-N(3,4) 85 If this were an electronic effect, then one would expect the tertiary amine Fe-N bonds to be shorter (as opposed to longer) than the primary amine Fe-N bonds, since tertiary amines are better σ-donors. That sterics are responsible for the observed elongation of Fe-N bonds is supported by recent DFT calculations comparing tertiary versus secondary amine cyclam complexes. 86 One would expect steric repulsive interactions to be even more problematic in the higher-valent Fe(III) derivative of 5 (vide infra), since the optimum Fe(III)-N bond length would require that the tertiary amines move even closer to one another. Since reactions between 5 and O 2 or O 2 -involve oxidation of the metal center, the instability of the higher oxidation state would be expected to affect reactivity with these substrates.
Reactivity 43 Initially, it was thought that the absence of N-H protons in 5 was responsible for its sluggish reactivity with O 2 -, and the mechanism was thought to involve H-atom abstraction. However, this mechanism was ruled out by the fact that no reaction occurs between primary amine-ligated 1 and superoxide in rigorously dried THF, in the absence of an external proton donor. 49 Alternatively, the Et-groups alter reactivity by modifying the steric and electronic properties of the metal center. More specifically, one would expect the frontier orbitals involved in binding and activating superoxide, and the stability of the Fe(III)-peroxide intermediate, to be perturbed by the Et-substituents of 5.
In order to assess the stability of the oxidized Fe(III) derivative of 5, both the chemical oxidation of 5 (using NO-(PF 6 )), and a direct synthetic route to [ ; irrev) is also cathodically shifted (from -100 mV with primary amine-ligated 1 to E p a ) +410 mV with tertiary amine-ligated 5 (Figure 6) ). This indicates that the Fe 3+ oxidation state is ∼12 kcal/mol less stable in the tertiary amine ligand [(tren-Et 4 )N 4 S Me2 ] 1-relative to the primary amine ligand [(tren)N 4 S Me2 ] 1-. Furthermore, the cyclic voltammogram wave associated with 5 (Figure 6 ) is irreversible indicating that the Fe III derivative, once generated, rapidly (on the order of seconds) decomposes. ) has been shown to oxidatively add to this site at low temperatures to afford a spectroscopically detectable Fe III -OOH intermediate. Although the thiolate does not appear to noticeably perturb the metrical parameters of µ-oxo-bridged 3, it does decrease the magnetic coupling between the two iron centers and creates a rather basic oxo site. Protonation of this oxo using strong (HBF 4 , HCl) or weak (HOAc, NH 4 PF 6 , LutNHCl) acids results in µ-oxo bridge cleavage to afford the corresponding solvent-or anion-bound monomeric derivatives. That the µ-hydroxo-bridged intermediate is not detected in these protonation reactions is not suprising, given that protonated µ-hydroxo-bridged species tend to be unstable in the absence of additional bridging ligands. Mechanisms of µ-oxo dimer formation have been shown to involve peroxide and highvalent oxo intermediates. An attempt to stabilize these intermediates in the reaction affording 3 by increasing steric bulk instead creates a ligand ([(tren-Et 4 )N 4 S Me2 ] 1-) that alters the electronic properties of the iron to the point where O 2 oxidation chemistry is no longer favored. Acknowledgment. J.S. wishes to thank the EPA for a graduate fellowship (91594801-0). NIH support (Grant GM 45881) is gratefully acknowledged. 100 M) , over the range +700 to -300 mV vs SCE.
